Methylation of Lys 79 on histone H3 by Dot1p is important for gene silencing. The elongated structure of the conserved core of yeast Dot1p contains an N-terminal helical domain and a seven-stranded catalytic domain that harbors the binding site for the methyl-donor and an active site pocket sided with conserved hydrophobic residues. The S-adenosyl-L-homocysteine exhibits an extended conformation distinct from the folded conformation observed in structures of SET domain histone lysine methyltransferases. A catalytic asparagine (Asn 479 ), located at the bottom of the active site pocket, suggests a mechanism similar to that employed for amino methylation in DNA and protein glutamine methylation. The acidic, concave cleft between the two domains contains two basic residue binding pockets that could accommodate the outwardly protruding basic side chains around Lys 79 of histone H3 on the disk-like nucleosome surface. Biochemical studies suggest that recombinant Dot1 proteins are active on recombinant nucleosomes, free of any modifications.
Histones can be modified in many ways to affect gene expression, including acetylation, phosphorylation, ubiquitination, methylation (reviewed in Refs. 1 and 2), and sumoylation (3) . Evidence accumulated over the past few years suggests that such modifications constitute a "histone code" that directs a variety of processes involving chromatin (4, 5) . There are currently many known sites of lysine methylation on histones and additional sites of modification are still being uncovered. Methylation at these sites, in combination with other modifications (or demodifications) at nearby residues, generates "modification cassettes" (6) yielding distinct patterns on chromatin for signaling downstream events (reviewed in Ref. 7) . The best characterized sites of histone methylation are located on the N-terminal tails of histones (such as at Lys 4 and Lys 9 of histone H3 and Arg 3 of histone H4) that protrude from the nucleosome. In contrast, Lys 79 of histone H3 is located in the core of the histone, exposed on the nucleosome disk surface.
Histone H3 Lys 79 is methylated by Dot1p (8 -11) , a protein originally identified as a disruptor of telomeric silencing in Saccharomyces cerevisiae (12) . Methylation of H3 Lys 79 is important for gene silencing and the proper localization of the SIR (silent information regulator) complex in S. cerevisiae (8, 11) . A sequence analysis (13) suggested that Dot1p possesses S-adenosyl-L-methionine (AdoMet) 1 binding motifs characteristic of class I methyltransferases (MTases) (14) , similar to the ones in protein-arginine MTases (PRMTs) that modify arginines on many proteins including histones H3 and H4. Class I MTases such as Dot1p are distinct from, and do not contain the SET domain, a conserved domain found in HKMTs that methylate lysines 4, 9, 27 , or 36 of histone H3 and Lys 20 of H4. Thus, entirely different structural scaffolding and unrelated local active site spatial arrangements can catalyze AdoMet-dependent methyl transfer to a protein Lys side chain. Besides the differences in protein sequence and structure, Dot1p has several unique biochemical properties that distinguish it from the SET domain HKMTs. (i) Dot1p, and its human homolog Dot1L, methylate only nucleosomal substrates, but not free histone H3 protein. Several other enzymes whose targets lie within the highly structured histone core require nucleosome substrates for efficient methylation; this includes Set2, which targets Lys 36 of histone H3 (15) and Set8, which methylates Lys 20 of histone H4 (16, 17) . (ii) A distribution of unmodified, mono-, di-, and trimethlyated H3 Lys 79 exist simultaneously in yeast (8) . Whereas the functions of different methylation states at H3 Lys 79 are not fully defined, a complex spectrum of methylation is also found for certain lysine residues methylated by SET domain HKMTs. The S. cerevisiae SET1 protein can catalyze di-and trimethylation of H3 Lys 4 , and trimethylation of Lys 4 is thought to be present exclusively in active genes (18) . Human SET7/9 protein, on the other hand, generates exclusively monomethyl Lys 4 of H3 (19, 20) . Furthermore, DIM-5 of Neurospora crassa generates primarily trimethyl Lys 9 of H3, which marks chromatin regions for DNA methylation (19, 21) . (iii) Methylation of Lys 79 of H3 in S. cerevisiae requires ubiquitination of Lys 123 of histone H2B (11, 22) . This situation bears similarity to the methylation of Lys 4 of H3 by Set1 (23, 24) . It was suggested that a ubiquitinated histone H2B might serve as a spacer between adjacent nucleosomes to allow access by enzymes (24) .
Here we present the conserved core structure of yeast Dot1p, the founding member of the Dot1p family, in complex with the methyl transfer reaction product S-adenosyl-L-homocysteine (AdoHcy), at a resolution of 2.19 Å. The structure reveals an extended AdoHcy conformation that distinguishes it from the folded conformation found in the SET domain HKMTs, and an active site pocket sided with conserved hydrophobic residues. A catalytic Asn side chain is present at the bottom of the pocket, linking a mechanism of Dot1p to that of aminomethylation of adenine or cytosine in DNA and of the protein glutamine in peptide release factors. Two basic residue binding pockets on the concave surface of an acidic cleft indicate the location of substrate binding. The nucleosomal dependent behavior of Dot1p, mediated by a disordered N-terminal stretch containing many positively charged residues, is also discussed in comparison to the human Dot1L structure (25) .
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The S. cerevisiae Dot1 gene was subcloned from the original pFVL39 construct (8) by PCR into a modified pET28b (Novagen) vector, which adds a short N-terminal MGHHHHHH tag and accepts an NdeI-EcoRI insert. Deletions (⌬157 and ⌬172) and point mutations were constructed by PCR using the same vector. Cultures of Escherichia coli strain BL21(DE3) Codon plus RIL (Stratagene) containing Dot1 constructs were grown in LB medium at 37°C to A 600 ϭ 0.6, shifted to 22°C, and induced by 1 mM isopropyl-1-thio-␤-D-galactopyranoside overnight at 22°C. Selenium-containing ⌬157 Dot1 protein (with seven methionines) was expressed in a methionine auxotrophic stain (B834) grown in the presence of selenium-methionine, and the protein was purified similarly to the native protein.
The His-tagged proteins were purified using nickel-chelating, Hitrap Q, Hitrap SP, and Superdex 75 columns (Amersham Biosciences). The protein was stored in the Superdex 75 column buffer containing 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 5% glycerol, 1 mM EDTA, and 0.1% ␤-mercaptoethanol.
Amino acid replacements of Dot1⌬157 to yield D301A, D301N, E374A, E374Q, Y350F, Y372F, E422D, E422A, W543F, W543A, Y550F, and Y550A were made using the QuikChange site-directed mutagenesis protocol (Stratagene). All mutants were sequenced to verify the presence of the intended mutation and the absence of additional mutations. Mutant proteins were purified from 300 ml of induced cultures by nickel-chelating, Hitrap Q and S columns.
Methyl Transfer Activity Assay-The activity was assayed in a 20-l reaction containing 25 mM citric acid, 25 mM CHES, 50 mM BisTris propane (pH 8.5), 1 mM EDTA, 0.5 mM dithiothreitol, 0.5 Ci of [methyl-3 H]AdoMet (14.7 Ci/mmol, PerkinElmer Life Sciences NET155H), 1 M enzyme, and 2 M nucleosome (either purified from chicken erythrocyte or recombinant nucleosome, a gift from Dr. K. Luger). The enzyme was preincubated with [methyl-3 H]AdoMet at 30°C for 30 min. The reaction was started by addition of the nucleosome substrates, incubated at 30°C for 1 h, and methylation was analyzed by SDS-PAGE, fluorography, or by precipitation with 20% trichloroacetic acid, filtration (Millipore GF/F filter), washing, and liquid scintillation counting.
For DNA stimulation experiments, 150-base pair DNA (1 or 5 M) ( Fig. 2D ) or 30-base pair DNA was preincubated with the enzyme and [methyl-3 H]AdoMet at 30°C for 30 min. The reaction was started at 30°C for 1 h by addition of recombinant histone octamers (a gift from Dr. K. Luger). For analysis of optimum pH, a mixture of 25 mM citric acid, 25 mM CHES, and 50 mM BisTris propane were adjusted to each pH ( Fig. 2E ).
AdoMet Binding Assay by UV Cross-linking-An aliquot of 2 g of purified enzyme was incubated with 0.5 Ci of [methyl-3 H]AdoMet (14.7 Ci/mmol, PerkinElmer Life Sciences NET155H) at room temperature for 1 h in 20 l of 25 mM citric acid, 25 mM CHES, 50 mM BisTris propane (pH 8.5), 1 mM EDTA, 0.5 mM dithiothreitol. Samples were transferred to a 96-well plate on ice and placed 8 cm from an inverted UV transilluminator (VWR, 302 nm) for 1 h. The protein was then separated by SDS-PAGE, stained with Coomassie, and subjected to fluorography.
Nucleosome and DNA Binding Assay by Gel Shift-Different amounts of Dot1 protein were incubated with mononucleosome (1 M) or 36-mer (GAC) 12 DNA (0.5 M) at 30°C for 1 h in a 10-l volume containing 25 mM citric acid, 25 mM CHES, 50 mM BisTris propane (pH 8.5), 1 mM EDTA, 0.5 mM dithiothreitol. After incubation, the sample was added to glycerol final concentration of 5% and subjected to a 1.8 (nucleosome) or 1.2% (DNA) agarose gel and visualized under UV by ethidium bromide staining.
Nucleosome Preparation-Whole chicken blood from birds 6 -8 weeks of age was supplied by Pel-Freeze Biologicals (Rodgers, AR) with sodium citrate as anticoagulant. Preparation of chicken erythrocyte nuclei was performed as described in Ref. 26 , except that 0.5% Nonidet P-40 was used instead of Nonidet LE.
Soluble chromatin was isolated from 1 ml of isolated nuclei by treatment with micrococcal nuclease, according to Ref. 27 . In brief, isolated nuclei were treated with 20 units of micrococcal nuclease at 37°C for 30 min in 15 mM Hepes (pH 7.5), 65 mM NaCl, 65 mM KCl, 2 mM MgCl 2, 0.2 mM CaCl 2 , and 2ϫ complete EDTA-free protease inhibitor solution (Roche Diagnostics). Following incubation, EDTA was added to 5 mM, and the reaction cooled on ice. Nuclei were pelleted by centrifugation (4000 ϫ g, 5 min) and broken by Dounce homogenization. After a second centrifugation, chromatin was solubilized in 2 ml of 20 mM Tris (pH 7.5), 600 mM NaCl, 0.5 mM ␤-mercaptoethanol, and 0.2 mM EDTA. Under these conditions, linker histones dissociate. Mono-and polynucleosomes were isolated by gel filtration in the solubilization buffer over a Sephacryl S-300 column (Amersham Biosciences). DNA content was evaluated by phenol-chloroform extraction and agarose gel electrophoresis. Fractions judged to contain polynucleosomes had a minimum of 800 base pairs of DNA associated with them, whereas mononucleosomes had equal to or less than 200. Nucleosome preparations appeared to be linker-histone and contaminant-free by SDS-PAGE. Fractions were pooled, concentrated against solid sucrose, and dialyzed against 10 mM Tris (pH 7.5), 0.1 mM EDTA, and 0.5 mM ␤-mercaptoethanol. Nucleosomes were snap frozen and stored at Ϫ80°C.
Crystallography-Purified ⌬157 protein was concentrated to 15-20 mg/ml in the gel filtration column buffer with 600 M AdoHcy. Crystals were obtained via the hanging drop method, with the mother liquor containing 100 mM Hepes (pH 7.0), 18% PEG 8000 (or 20% PEG 2000 MME), and 15% glycerol at 16°C. The diffraction data were collected at beamline X26C of the National Synchrotron Light Source, Brookhaven National Laboratory. A selenium-containing crystal was used to collect a single wavelength data set at the selenium absorption peak wavelength (Table I) . The data were reduced and scaled using DENZO/ SCALEPACK package (28) . There are three molecules per asymmetric unit. SOLVE (29) readily determined 21 selenium sites (7 per molecule), whose positions were related by 3-fold non-crystallographic symmetry. The phases were greatly improved by RESOLVE (30) and the resulting electron density map was suitable for the initial chain tracing using O (31) . The non-crystallographic restraints were imposed on the three protein molecules throughout the refinement by CNS programs (32) against the native data set and were only released from protein side chains at the last cycle to account for different crystal packing environments. After several cycles of refinement and manual rebuilding, the final model was refined with an R value of 21.3% and a free R value of 24.6%. Among the nonglycine and nonproline well defined residues, 92% are in the most favored and 8% in the additional allowed regions of a Ramachandran plot (33) . The figures were drawn with the programs XtalView (34), MOLSCRIPT (35) , and Raster3D (36) . The atomic coordinates have been deposited in the Protein Data Bank with accession code 1U2Z.
RESULTS
A Conserved Dot1p Core-Purified full-length yeast Dot1p (582 residues) was subjected to limited protease digestion by V8 protease, generating a stable C-terminal fragment representing amino acids between 158 and 582, termed ⌬157. Dot1p ⌬157 contains a core region conserved among human, Caenorhabditis elegans, Drosophila, and Anopheles gambiae Dot1p homologues. The length of these Dot1 proteins varies from 582 amino acids in yeast to 2237 amino acids in Drosophila. The conserved Dot1p core is located at the C terminus in yeast, but is at the N terminus in human, C. elegans, Drosophila, and Anopheles gambiae Dot1p homologues (Fig. 1A) . The ⌬157 protein, expressed more efficiently than the full-length protein, retained partial activity on nucleosomes ( Fig. 2A ). Here we describe the structure of ⌬157 in complex with the methyl donor by-product AdoHcy.
Overall Structure of Dot1p-Electron density maps were calculated using single wavelength anomalous diffraction data from a SeMet-incorporated crystal ( Table I) . The crystallographic asymmetric unit contains three molecules of ⌬157 (Fig.  3A ). However, analytic gel filtration and dynamic light scattering measurements suggest that the protein ⌬157 has an apparent molecular weight of a monomer (data not shown) and we thus describe the monomeric structure. Monomeric ⌬157 contains two domains (Fig. 3B ). The Nterminal domain consists of 4 ␤-strands (␤1-␤4) and 6 ␣-helices (␣A-␣F). Three helices (␣B, ␣C, and ␣D), together with a hair-pin (␤2 and ␤3), mimic a classic up and down four-helix bundle, where the hairpin replaces the fourth helix. The N-terminal residues (purple), unique to yeast Dot1p, appear to be critical to the structural integrity of the molecule: the 41-residue segment (amino acids 176 -216) forms a V-shaped structure clamped onto nearly the entire N-terminal domain, pairing strand ␤1 with strand ␤4, and packing helix ␣A with ␣E, followed by a 10-residue loop (residues 202-211) buried between the N-and C-terminal domains, and capping with a 3 10 -helix. After a disordered region (residues 217-234), the N-terminal domain connects to strand ␤2 (Fig. 3B ).
The C-terminal region forms the catalytic domain (orange) with a seven-stranded ␤-sheet (␤5-␤11), a characteristic feature of the class I AdoMet-dependent MTases (14, 37) . Helices ␣K, ␣L, and ␣M are located on one side of the ␤-sheet, and helices ␣H, ␣I, and ␣J are on the other side. In addition, helix ␣J is packed with N-terminal helix ␣F, connecting the two domains. Interestingly, rather than a hydrophobic interface, in the middle of the interface between the two domains lies two pairs of salt bridges, Arg 441 of ␣J and Glu 249 of ␤3, Arg 352 of ␣F and Glu 267 of ␤B, surrounded by many polar residues saturated with hydrogen bonds (Fig. 3C) .
The overall dimensions of the molecule are 75 ϫ 35 ϫ 35 Å, with an open cleft located between the two domains ( Fig. 3D ). There are three segments disordered in the current structure: the N-terminal residues (158 -175), residues 217-234 prior to strand ␤2, and the C-terminal residues (567-577). The disordered N-terminal residues co-localize with the disordered Cterminal residues of a crystallographic related molecule on the surface of the cleft. Discontinuous densities exist on the concave surface of the cleft (Fig. 4 ), but we were not able to unambiguously distinguish between the N-and C-terminal residues. Nevertheless, the densities allowed us to identify two basic residue-binding sites. One piece of the density is in an open pocket at the bottom of the cleft (Fig. 4C ). An Arg residue best fits the density, forming an interaction with Glu 374 (an invariant amino acid, see Fig. 1B ). The second piece of density can be fit by a stretch of 5 or 6 residues, which possibly contains a Lys side chain forming hydrogen bonds with Ser 177 , Asn 297 , and Asp 301 (Fig. 4D) .
The concave cleft between the two domains is the likely binding site for the substrate. The bottom of the cleft is highly acidic (Fig. 4A) , complementing with the basic nucleosomal disk surface around Lys 79 of histone H3 (Fig. 4E) , which includes many positively charged residues of H3 (Arg 72 and Arg 83 ), H4 (Arg 67 , Lys 79 , and Arg 78 ), and H2B (Arg 89 , Arg 96 , and Lys 105 ), forming a core nucleosome surface crucial for transcriptional silencing (38) . The Arg-and Lys-binding sites identified on the surface of the concave cleft may provide a docking site for the outwardly protruding basic side chains around Lys 79 of histone H3. Many of the residues that form the Arg-and Lys-binding sites, particularly Asp 301 , Tyr 350 , Tyr 372 , and Glu 374 , are invariant in the six Dot1p homologous shown in Fig. 1B . The importance of these residues in histone binding is supported by site-directed mutagenesis experiments. Changes at the two negatively charged residues (D301A, D301N, E374A, and E374Q) essentially abolished HKMT activity (Fig. 4F , top two panels). However, the mutants had normal expression levels and retained the ability to bind AdoMet, DNA, and nucleosomes ( Fig. 4F , three bottom panels). We suggest that the loss of methyl transfer activity was because of defects in binding one of the basic residues near Lys 79 of histone H3 on the disk-like nucleosome surface. Such a defect may affect proper positioning of the target Lys 79 into the active site, without total disruption of the nucleosome association through DNA interaction. Of course, we cannot completely exclude the involvement Glu 374 , located near the active site, in catalysis, although we consider it unlikely (see "Discussion"). Conservative changes at the two tyrosine residues (Y350F and Y372F) reduced HKMT activity, consistent with the hydroxyl groups of Tyr 350 and Tyr 372 being critical in positioning the side chain of Glu 374 away from the active site by forming hydrogen bonds to one of the two carboxyl oxygen atoms of Glu 374 (Fig. 4C) .
Dot1p Core Contains Conserved Sequence Motifs Common to Class I MTases-Having determined the structure of yeast Dot1p, we were able to perform a structure-guided sequence alignment of Dot1 family proteins (Fig. 1B) . The sequence alignment reveals invariant or conservatively substituted positions scattered throughout the conserved core. Only two regions of the conserved core have more than 2-residue insertions or deletions among the different Dot1 homologues (Fig. 1B) . In comparison with human Dot1L (25), a longer and bent helix ␣C is formed (because of Pro 294 ) by yeast Dot1p residues 284 -300 and additional secondary structures helix ␣E and strand ␤4 are formed by yeast Dot1p residues 325-338.
The four most highly conserved segments involve consecutive invariant residues, namely YGE prior to helix ␣H, DLGS-GVG in the carboxyl end of strand ␤5 and the loop that follows, NNF after strand ␤8, and VSWT between strands ␤10 and ␤11. These segments correspond to the sequence motifs X, I, IV, and VIII in the class I MTases; we therefore retain the nomenclature (39) . However, the structure shows that these four motifs are clustered together on one surface patch at or near the AdoHcy-binding site (Fig. 3E ). In addition, motifs II and III contain a single invariant residue (Glu 422 and Phe 460 ) involved in direct interactions with AdoHcy (see below).
The structure suggests that the conserved Dot1p motifs have functional importance. Besides being involved in direct interactions with AdoHcy (motif I, Asp 397 and Gly 399 ; motif II, Glu 422 ; and motif III, Phe 460 ), active site formation (motif X, Gly 373 ; motif IV, Phe 481 ; and motif VIII, Trp 543 ), and catalysis of methyl transfer (motif IV, Asn 479 ), many invariant residues 
FIG. 3. Structure of yeast Dot1p.
A, a trimer of ⌬157 formed in the crystallographic asymmetric unit. The trimer interface is formed between the N-terminal helix ␣A (which is unique to yeast Dot1p and C. elegans homologue, see Fig. 1B ) and the outer surface of the AdoHcy-binding site of a neighboring non-crystallographic related molecule. We also note that yeast Hst2, a member of Sir2 family of NAD ϩ -dependent protein deacetylases, forms a functional homotrimer mediated by the N-terminal extension to the central catalytic core domain (62) , which is characteristic of the other Sir2 homologues. On the other hand, helix ␣A may be involved in regulation of Dot1p via protein-protein interactions. B, monomer structure of ⌬157. The N-terminal clamp is shown in purple, the N-terminal helical domain in green, and the C-terminal catalytic domain in orange. The bound AdoHcy is shown as a stick model. C, the polar interface between the N-and C-terminal domains. D, a GRASP (63) representation showing the cleft between the two domains and a surface hole, through which the adenine ring of AdoHcy is visible. E, a GRASP representation, 90°rotated from the view in panel D, showing the conserved motifs (X, IV, and VIII) surrounding the active site pocket, through which the AdoHcy sulfur atom is visible. Conserved motifs I, II, and III are buried and invisible from the surface. In addition, there are three surface-exposed invariant residues, Tyr 364 and Phe 367 in the loop after helix ␣G, and Lys 508 after strand ␤9 (Fig. 1B) . The surface locations of Tyr 364 and Phe 367 , approximate to the motif X that provides residues in the active site formation (Val 371 and Gly 373 , Fig. 4B ), the Arg-binding site (Tyr 372 and Glu 374 , Fig. 4C ), and the lid to the AdoHcy binding site (Fig. 5 , C and E), suggests these two conserved residues may have implications in specific enzyme-substrate interactions. Lys 508 , located right next to Phe 481 of motif IV, might also contribute to substrate binding and/or catalysis. F, a model of Dot1p docked with a nucleosome. The structure of the nucleosome core particle is shown as ribbons (red, H3; green, H4; magenta, H2A; yellow, H2B; gray lines, DNA). The model was put together by aligning the target Lys 79 of histone H3, located on the nucleosome disk surface, with the active site pocket of Dot1p. By rotating the Dot1p along the Lys 79 active site alignment, the N-terminal residues, either disordered (residues 158 -175) or not included in the crystallization (residues 1-157), could be in a position to contact DNA directly and/or involved in interaction with monoubiquitin covalently attached to histone H2B Lys 123 . In the model shown, no conformational changes are required to dock. However, major conformational changes of either the nucleosome and/or the enzyme would be needed to allow the side chain of Lys 79 of H3 moving additional a few angstroms into the active site pocket.
(motif I, Ser 400 ; motif IV, Asn 480 ; and motif VIII, Ser 542 ) are involved in intramolecular interactions that likely confer stability to the molecule, particularly around the AdoHcy-binding and active sites.
Dot1p-AdoHcy Interactions-In the binary ⌬157-AdoHcy complex, the methyl-donor product AdoHcy (added during purification, see "Experimental Procedures") is observed at the carboxyl end of the parallel strands ␤5, ␤6, ␤7, and ␤8 (Fig. 3B) , the hallmark of a nucleotide-binding site. The AdoHcy in yeast Dot1p (as well as the AdoMet in human Dot1L) is in an extended conformation (Fig. 5A ), most frequently observed in widespread class I MTases such as the DNA cytosine MTase DNMT2 (40) , and protein-arginine MTase PRMT1 (41) . However, the AdoHcy/AdoMet conformation in the Dot1 proteins is significantly different from the folded conformation observed in the SET domain of HKMTs (19, 20, (42) (43) (44) (45) . Such different conformations of the cofactor may provide a good target to design inhibitors that are selective for class I (Dot1p and PRMT1) versus class V (SET HKMTs) MTases.
Dot1p-AdoHcy interactions can be grouped according to the three moieties of AdoHcy (Fig. 5B ). Invariant residues from motifs I, II, and III provide most of the specific interactions; these interactions are buried and invisible from the surface (Fig. 3E ). (i) The motif I Gly-rich loop (GSGVG) between strand ␤5 and helix ␣I bends sharply underneath the homocysteine moiety. The last residue of strand ␤5, Asp 397 of motif I, interacts with the amino group (NH 3 ϩ ) of the AdoHcy. In addition, Gly 399 (motif I) makes a van der Waals contact with the ribose ring oxygen O4Ј. (ii) A strongly conserved acidic residue (Glu 422 ) at the carboxyl end of strand ␤6 (motif II) forms bifurcated hydrogen bonds with the ribose hydroxyls; this interaction is almost universal in class I MTases (14) . An E422A mutation abolishes both AdoMet binding (measured by crosslinking) and MTase activity, whereas an E422D mutation retains full activity (Fig. 2G) . (iii) The adenine ring is flanked via van der Waals contacts by the phenyl ring of Phe 460 after strand ␤7 (motif III) and Ile 423 after strand ␤6 (motif II). The exocyclic amino group (N6) of adenine makes a hydrogen bond with Ser 459 (motif III).
A unique interaction of Dot1p involves motif X, in which two Tyr residues (370 and 372) are involved in water-mediated interactions with AdoHcy. The hydroxyl oxygen of Tyr 370 shares a water molecule with N6 and the ring nitrogen N1 of adenine, whereas the hydroxyl oxygen of Tyr 372 shares a water molecule with one of the AdoHcy carboxyl oxygen atoms (COO Ϫ ) (Fig. 5B) . The two Tyr aromatic rings effectively provide a lid for the entrance of cofactor binding site and nearly bury AdoHcy (Fig. 3, D  and E) . On the surface of the molecule, there are two holes through which AdoHcy is visible: one is in the active site where the AdoHcy sulfur atom is visible (Fig. 3E) , the other is on the back of the molecule where the AdoHcy adenine ring is visible (Fig. 3D ). Both holes are too small to let AdoHcy diffuse out from the binding site, which may explain the observation that AdoMet is co-purified with human Dot1L (25) . The buried AdoHcy suggests that exchange between the methyl donor AdoMet and the reaction by-product AdoHcy requires the movement of the lid, formed by the highly conserved motif X residues and the associated region that are part of the active site (Val 371 and Gly 373 , Fig.  4B ) as well as the potential substrate Arg-binding site (Tyr 372 and Glu 374 , Fig. 4C ). The fact that a mixture of unmodified, mono-, di-, and trimethylated H3 Lys 79 coexists in yeast (8) suggests that the exchange of the reaction product AdoHcy with AdoMet in the closed-lid binding site would require the release of the substrate and therefore should require methyl transfer to proceed distributively.
The Active Site and Enzymatic Properties of Yeast Dot1p-
The active site is situated in a very narrow surface pocket (Fig.  4B) , where the AdoHcy sulfur atom lies at the bottom and is visible (Fig. 5C ). The opening of the pocket is ϳ4 ϫ 5 Å; a dimension that would barely accommodate the side chain of a lysine such that the terminal amino group could reach the sulfur atom of AdoHcy, where the transferable methyl group would be attached in AdoMet. The residues forming the sides of active site pocket are Val 371 and Gly 373 of motif X, Phe 481 and Leu 482 of motif IV, and Trp 543 of motif VIII (Fig. 4B) . The hydrophobic nature of these residues corresponds with the four hydrophobic methylene groups of a lysine side chain. Replacement of Trp 543 to Phe or Ala nearly abolishes MTase activity, but not binding of AdoMet (measured by cross-linking), nucleosomes, or DNA, indicating that the indole ring is most likely involved in target lysine binding (Fig. 2G) .
In the absence of the target lysine, four inter-connecting water molecules (w1-w4) fill the active site pocket, three of which are caged by backbone carbonyl oxygen atoms of Asn 369 , Val 371 , and Asn 479 (Fig. 5C ). The fourth water molecule (w4) is held in place between the face of the indole ring of Trp 543 , the edge of the phenyl ring of Phe 481 , and the aliphatic Leu 482 . The side chain of Asn 479 is the only side chain that protrudes into the active site from the bottom. Mutations of the equivalent residue in human Dot1L, Asn 241 , to Asp or Ala abolished activity (25) . An Asn side chain of the so-called NPPY motif is used in the active site of amino MTases of adenine or cytosine in DNA and of protein glutamine MTases (46 -48) . Remarkably, using AdoHcy as an anchor point, the invariant Asn 479 of Dot1p is superimposable onto the corresponding Asn in TaqI DNA adenine MTase (not shown) and HemK protein glutamine MTase (Fig. 5D ). The target amino nitrogen atom occupies the position of the water molecule (w3), which hydrogen bonds to the side chain of Asn 479 and the backbone carbonyl oxygen of Val 371 . This suggests a potential similarity in the catalytic mechanism between Dot1p and class I amino MTases. In the latter case, the amino group (NH 2 ) that becomes methylated is not charged and is positioned for an in-line attack on AdoMet. However, the amino group (NH 3 ϩ ) of a Lys side chain is usually positively charged. Under laboratory conditions, Dot1p is active in a broad pH range, from pH 6 to 9.5 (and beyond) with a maximum activity around pH 8.5, coinciding with strongest cross-linking to AdoMet (Fig. 2E) . This is very different from SET domain containing HKMTs such as DIM-5 and SET7, which has a narrower pH range (active at pH 8 or higher) and an unusually high pH optimum (ϳ10) (42, 49) . At pH 10, the amino group of the target lysine should be partially deprotonated. Only the deprotonated target Lys has a free lone pair of electrons capable of nucleophilic attack on the AdoMet methyl group. Dot1p must use a different mechanism to deprotonate the target lysine (see "Discussion").
Interestingly, the largest structural difference between yeast Dot1p and human Dot1L in the core region lies in the loop between strands ␤10 and ␤11. This loop adopts completely different conformations in the two structures ( Fig. 5E ), resulting in a closed active site pocket in yeast Dot1p and an open one in human Dot1L (Fig. 5F) . In yeast Dot1p, the active site pocket in each of three monomers is identical, even though each monomer has a different crystal packing environment. The loop containing motif VIII is highly conserved both in length and amino acid identity, including four consecutive invariant residues: VSWT (see Fig. 1B ). Whereas the corresponding loop in human Dot1L is not well ordered, having high temperature factors (25) , the loop in the yeast enzyme is highly structured with many stabilizing intramolecular interactions. For example, both the side chain (O-␥) and main chain (N-H) of Ser 542 of motif VIII interact with main chain atoms (N-H and C ϭ O) of Glu 374 of motif X (Fig. 5F) . These interactions link two highly conserved sequence motifs (X and VIII) together to form the closed active site. As mentioned earlier, Glu 374 interacts with an Arg (Fig. 4C ). We suggest that the binding of this Arg (whether it is from the neighboring molecule in the crystal or The AdoHcy is in van der Waals surface model, colored with red for oxygen atoms, blue for nitrogen atoms, white for carbon atoms, and green for the sulfur (placed where the transferable methyl group would be attached in AdoMet). D, superimposition of yeast Dot1p (AdoHcy and Asn 479 ) and protein glutamine MTase HemK (48) (AdoMet, Asn 197 , and free glutamine). E, structural comparison of yeast Dot1p (residues 176 -567; top panel) and human Dot1L (residues 5-332; middle panel). Besides deletion or insertion (located in N and C termini), the largest conformational differences, indicated by arrows, between the two catalytic domains, are the hairpin loop between strands ␤10 and ␤11 (containing motif VIII) and the lid for the entrance to the cofactor binding (containing motif X). Superposition of yeast Dot1p and human Dot1L (bottom panel), indicating a hinge movement between two domains, possibly caused by the binding of the Arg (see Fig. 4C ). F, superimposition of the hairpin loop conformations in yeast Dot1p and human Dot1L (in parentheses).
from the nucleosome-disk surface in solution) promotes the interactions between motifs X and VIII. These interactions result in the hinge movement between the two domains ( Fig.  5E ) and bring in Trp 543 , an important residue for the formation of the ordered active site. Substrate induced conformational changes have been observed in many enzymes including the DNA MTase (50) (hinge movement) and in the SET domain HKMT DIM-5 (19) (formation of an ordered active site). The conformational change of the loop containing highly conserved motif VIII suggests that this part of Dot1p is important for substrate binding and/or regulation of its activity by adopting different conformations. Tyr 550 of strand ␤11 adopts a different rotamer conformation from the equivalent Tyr 312 in human Dot1L (Fig. 2F ). Conservative change of Y550F, or Y312F in human Dot1L (25) , retained normal activity, whereas Y550A, or Y312A in human Dot1L (25) , abolished activity (Fig. 2G) , indicating the importance of maintaining the hydrophobic core between strand ␤11 and helix ␣H.
The Segment Involved in Nucleosomal DNA Interaction Is Disordered-The first 15 residues of ⌬157 (158 -172), disordered in the current structure, contain 6 Lys and 2 Arg. We generated a construct, ⌬172, that lacks this positively charged region, and found that it is completely inactive on nucleosomes, whereas full-length Dot1p and ⌬157 are both active ( Fig. 2A) . ⌬172 retains the ability to bind AdoMet as measured by crosslinking ( Fig. 2B) , but loses the ability to bind nucleosomes or 36-bp duplex DNA (Fig. 2C ). This observation suggests that this disordered, positively charged region is involved in contacting nucleosomal DNA, and essential for Dot1p activity. Similarly, a stretch of positively charged residues at the C terminus of human Dot1L was demonstrated to be critical for nucleosome binding and therefore, enzymatic activity (25) .
In agreement with published data (8 -11) , Dot1p is a nucleosome-dependent HKMT, i.e. Dot1p is inactive on histones alone (Fig. 2, A and D) . However, preincubation of DNA, either the 150-( Fig. 2D ) or 30-base pair duplex (data not shown), with Dot1p stimulates its HKMT activity on histones to almost nucleosomal levels. As expected, histone H3 is the target of methylation for both the nucleosomal substrate and the DNA/ histone mixture (Fig. 2D) . In all cases, ⌬157 has reduced activity compared with that of full-length Dot1p, probably because ⌬157 lacks additional N-terminal positively charged residues between amino acids 106 and 157 ( Fig. 1A) .
DISCUSSION
Deprotonation of Target Lys-Dot1p must provide a local environment for the target lysine that will enable it to remain deprotonated. There are many examples of enzymes that contain lysine residues with significantly depressed pK a values. A lysine with a low pK a is generated when a positive charge is immediately proximal to the lysine (51) . The proximity of methylation target Lys to the positively charged methylsulfonium group of AdoMet could have a similar effect. A hydrophobic microenvironment is another situation that produces a lowered lysine pK a (52) . There are examples of buried lysines with pK a values as low as 6.5 (53) . This scenario can best explain the activity of Dot1p over a wide pH range. The active site pocket sided with all hydrophobic residues, in conjunction with a positively charged methylsulfonium group sitting at the bottom of the pocket, is probably essential for lowering the pK a of the ⑀-amino group of the target Lys so that it can stay in the deprotonated state required for its methylation.
A glutamate residue was suggested to be a general base for catalysis of histone lysine acetyltransferases (54, 55) . Specifically, the Glu is located at the bottom of the substrate-binding cleft and surrounded by several non-polar residues that could raise the pK a of the glutamate side chain and thus facilitate its ability to extract a proton. A water molecule is bound between the carboxylate and the target Lys to shuttle a proton. There is no equivalent carboxylate group in the structure of yeast Dot1p presented here. The side chain of Glu 374 , the only negatively charged residue near the active site, is located on the surface of the protein and is kept away from the active site (by two polar groups) to maintain the hydrophobic nature of the microenvironment. Another reason to keep Glu 374 away from active site is to avoid an increase in a lysine side chain pK a that can occur when there is a carboxylate nearby (56) . The pK a of the ⑀-amino group increases, as a result of its greater affinity for protons, to neutralize the negatively charged carboxylate. A perceived conformational change that flips the side chain of Glu 374 toward the active site would result in the interaction with the target Lys and/or positively charged methylsulfonium group of AdoMet, both interactions would slow the deprotonation of the target Lys or methyl transfer from the AdoMet.
Does Dot1p Require Ubiquitination of Histone H2B Lys 123 ?-In S. cerevisiae, methylation of Lys 79 of H3 requires ubiquitination of Lys 123 of histone H2B (11, 22) . H2B Lys 123 is located on the same nucleosome disk surface (Fig. 3F ), ϳ30 Å away from the target Lys 79 of histone H3. Contrary to the in vivo data, recombinant Dot1p (both the full-length and ⌬157 proteins) was active on nucleosomes assembled in vitro from bacterially expressed, recombinant core histones (a gift of Dr. K. Luger) ( Fig. 2A, right panel) , indicating that ubiquitination is not required for Dot1p activity in vitro. Interestingly, a stretch of ϳ60 amino acids (residues 40 -100) of yeast Dot1p, not included in the crystallization, has repeated hydrophobic residues every 4 -5 positions, and is predicted to form short helices by secondary structure prediction (57) . This stretch of Dot1p is similar in size to the ϳ50 amino acid monoubiquitinbinding domain (CUE) and the ubiquitin-binding UBA domain, both of which have a three-helix bundle structure (58 -61) . It is possible that Dot1p interacts, via this region, directly with H2B ubiquitinated nucleosome or indirectly through other ubiquitin-binding proteins. Such an interaction could be significant in vivo, recruiting Dot1p to specific high-order chromatin where ubiquitinated histone H2B might serve as a spacer between adjacent nucleosome disk surfaces, allowing Dot1p access to its target Lys (24) .
Conclusions-We have described the crystallographic structure of the conserved region of yeast Dot1p. This region of Dot1p is responsible for cofactor binding and catalysis of methyl transfer. The elongated structure has a large acidic cleft that is the likely binding site for the basic nucleosome disk surface centered around Lys 79 of histone H3. Although the majority of the conserved Dot1p core is highly structured, a positively charged N-terminal region, disordered in the current structure, is important for catalysis, apparently via the interaction with the nucleosomal DNA that is wrapped around histones. We suggest 1) the target amino group of Lys 79 of H3 is positioned by the conserved Asn 479 of motif IV such that the lone pairs of the nucleophilic nitrogen point toward the incoming methyl group and the charged sulfonium ion of AdoMet, based on the location of Asn 479 , structural comparison to other class I MTases, and the pH requirements; 2) Dot1p is a distributive enzyme, based on the fact that a mixture of unmodified, mono-, di-, and trimethylated H3 Lys 79 coexists in yeast and the exchange of the reaction by-product AdoHcy with AdoMet in the closed-lid binding site; 3) the highly conserved motif VIII is important for substrate binding and/or regulation of Dot1p activity by adopting a different hairpin-loop conformation between strands ␤10 and ␤11; and 4) the N-terminal helix ␣A, unique to yeast Dot1p and C. elegans homologue, may be involved in regulation of Dot1p via protein-protein interactions.
Further structural and biochemical studies of the yeast Dot1pnucleosome complex are needed for understanding the nature of Dot1p-nucleosome interactions and the molecular mechanisms of nucleosomal histone methylation and its dependence on ubiquitin in vivo.
